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Development of energy efficient techniques for generation of spin waves (magnons) is important for
implementation of low-dissipation spin-wave-based logic circuits and memory elements. A promising
approach to achieve this goal is based on the injection of short strain pulses into ferromagnetic films
with a strong magnetoelastic coupling between spins and strains. Here we report micromagnetoe-
lastic simulations of the magnetization and strain dynamics excited in Fe81Ga19 films by picosecond
and nanosecond acoustic pulses created in a GaAs substrate by a transducer subjected to an op-
tical or electrical impulse. The simulations performed via the numerical solution of the coupled
Landau-Lifshitz-Gilbert and elastodynamic equations show that the injected strain pulse induces an
inhomogeneous magnetization precession in the ferromagnetic film. The precession lasts up to 1 ns
and can be treated as a superposition of magnon modes having the form of standing spin waves. For
Fe81Ga19 films with nanoscale thickness, up to seven (six) distinct modes have been revealed under
free-surface (pinning) magnetic boundary conditions. Remarkably, magnon modes with frequencies
over 1 THz can be excited by acoustic pulses with an appropriate shape and duration in the films
subjected to a moderate external magnetic field. This finding shows that short strain pulses rep-
resent a promising tool for the generation of THz spin waves necessary for the implementation of
high-speed magnonic devices.
Short strain pulses having duration of a few picosec-
onds can be created in metals, semiconductors, and insu-
lators by means of a femtosecond optical excitation [1–7].
Such strain pulses give rise to the generation of high-
frequency acoustic phonons [8] and the formation of soli-
tons [3, 5, 6]. In magnetic materials with significant mag-
netoelastic coupling between spins and strains, picosec-
ond strain pulses can induce magnetization precession [9–
11] and generate spin waves (magnons) with frequencies
in the GHz range [12]. Importantly, spin waves can be
employed as information carriers enabling the develop-
ment of advanced computing technologies with ultralow
power consumption in the field of magnon spintronics
[13]. Since the wave frequency defines the maximum
clock rate of a computing device [13], it is highly desirable
to have a low-dissipation technique for the excitation of
magnons with THz frequencies. Furthermore, the mag-
netization precession was shown to be a source of high-
amplitude microwave magnetic field at the nanoscale [14],
and even emission of THz electromagnetic waves result-
ing from the spin dynamics has been demonstrated [15].
Therefore, it is of both fundamental interest and prac-
tical significance to achieve the generation of THz spin
waves by short strain pulses.
In this paper, we present numerical simulations of the
magnetization and strain dynamics induced in ferromag-
netic films by acoustic pulses injected from a nonmag-
netic substrate. Our micromagnetoelastic simulations
fully take into account the interplay between spins and
elastic strains, which is accomplished via the solution of
a system of coupled differential equations for the magne-
tization and mechanical displacement [16, 17]. We con-
sider both picosecond strain pulses created via femtosec-
ond optical excitation and nanosecond pulses generated
by a piezoelectric transducer attached to the ferromag-
FIG. 1. Schematic representation of bipolar and rectangu-
lar strain pulses used in simulations of the GaAs/FeGa het-
erostructure. The time τ denotes the pulse duration, εmax
is the maximal strain in the pulse, and m is the unit vec-
tor defining the magnetization direction in the ferromagnetic
FeGa film with the thickness dF.
netic heterostructure. The strain-induced magnetization
dynamics is studied for films made of FeGa alloy having
strong magnetoelastic coupling [18]. Numerical results
obtained for FeGa films with nanoscale thickness pre-
dict the possibility of non-thermal generation of magnons
with frequencies exceeding 1 THz. Similar results are ex-
pected for thin films of other ferromagnets exhibiting suf-
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2ficiently strong magnetoelastic coupling, such as nickel,
CoFe alloys, and cobalt ferrite.
The micromagnetoelastic simulations were carried
out for a bilayer comprising ferromagnetic (FM) and
nonmagnetic (NM) components (Fig. 1). The genera-
tion of an acoustic pulse was modeled by imparting a
time-dependent displacement uz(z = 0, t) to the surface
z = 0 of the NM layer. For picosecond strain pulses corre-
sponding to a femtosecond laser excitation of a metallic
film deposited on the rear side of the substrate (upper
strain profile in Fig. 1) [9], we assumed a Gaussian func-
tion uz(z = 0, t) = umax exp (−t2/σ2). Such time de-
pendence provides a ”bipolar” pulse of the longitudinal
strain εzz(z, t) = ∂uz(z, t)/∂z containing periods of com-
pression and tension characteristic of this technique. The
chosen pulse durations of 4 and 40 ps lie on the timescale
accessible in the experiments [2, 9]. To model nanosec-
ond strain pulses created by a piezoelectric transducer at-
tached to the substrate (lower strain profile in Fig. 1), a
linear variation uz(z = 0, t) = umaxt/τ during the period
0 ≤ t ≤ τ was introduced, which provides the expected
rectangular pulse [19] with the duration τ .
The formation and propagation of strain pulses in the
NM layer was quantified by solving numerically the lin-
ear elastodynamic equation for the local displacement
u(z, t) [20]. The terms allowing for non-linearity, dis-
persion, and scattering with thermal phonons [6] were
neglected because our model calculations are aimed at
the description of the strain pulse effect on a thin fer-
romagnetic film, and because under certain conditions
strain pulses retain almost unchanged profiles over very
long distances in many crystals [2]. The coupled mag-
netization and elastic dynamics of the FM layer was de-
scribed by the Landau-Lifshitz-Gilbert (LLG) equation
taking into account the magnetic damping and the elas-
todynamic equation appended by magnetoelastic terms
[16, 17]. The LLG equation was written for the unit
vector m(z, t) = M(z, t)/Ms defining the local magneti-
zation direction, since the saturation magnetization Ms
can be regarded as a constant quantity when the temper-
ature is well below the Curie temperature. The effective
field Heff = −∂F/∂M involved in the LLG equation was
evaluated with the account of all relevant contributions to
the free energy density F (M), which result from the ex-
change interaction, magnetocrystalline anisotropy, mag-
netoelastic coupling, Zeeman energy, and dipolar inter-
actions between individual spins [21]. We considered fer-
romagnets with cubic paramagnetic phase and described
the magnetoelastic contribution FME by the relation
FME = B1
[
(m2x − 1/3)εxx + (m2y − 1/3)εyy
+(m2z−1/3)εzz
]
+B2 [mxmyεxy+mxmzεxz+mymzεyz] ,
(1)
where B1 and B2 are the magnetoelastic coupling con-
stants [22]. Equation (1) was also used to determine
the magnetoelastic terms in the elastodynamic equation,
which are governed by the magnetic contribution δσij =
∂FME/∂εij to mechanical stresses σij(i, j = x, y, z) in
the ferromagnet. These terms enabled us to allow for the
backaction of magnetization reorientations on the strain
pulse formed in the FM layer, which was ignored in the
previous studies of the magnetic dynamics induced by in-
jected acoustic pulses [12, 23–25]. Overall, our rigorous
theoretical description of the problem significantly dif-
fers from the preceding approximate approaches [12, 23],
which either neglected the exchange interaction and the
Gilbert damping [23] or solved the linearized Landau-
Lifshitz equation valid only for small-angle magnetization
precession [12] in the absence of damping [26]. It should
be noted that short strain pulses represent a mechanical
stimulus very different from periodic elastic waves, which
were considered in many other studies of elastically ex-
cited magnetization dynamics [16, 17, 27–29]. Indeed,
although strain pulse can be represented as a superpo-
sition of such waves, the combination of multiple elas-
tic waves with various amplitudes and phases can cre-
ate quite complex magnetization dynamics very different
from those induced by individual monochromatic waves.
Furthermore, the specific spatio-temporal profile of the
strain pulse inside the FM film differs from that at the
NM surface due to its transmission through the NM-FM
interface and reflection from the boundary of the FM
film. The determination of that profile, which affects the
magnetic response of the film, requires numerical simu-
lations, which we performed accounting for all relevant
physical effects including the magnetoelastic feedback.
The numerical integration of the LLG equation was
carried out with the aid of the projective Runge-Kutta al-
gorithm, while the elastodynamic equation was solved us-
ing a finite-difference technique with midpoint derivative
approximation. A fixed integration step δt = 0.5 fs and
nanoscale computational cells (0.1 × 0.1 × 0.1 nm3 [30])
were used in our simulations. We considered both free-
surface (∂m/∂z = 0) and pinning (my = 1) magnetic
boundary conditions for the FM layer [31], which are ab-
breviated as FBC and PBC below. The free mechanical
boundary condition σiz = 0 was imposed at the surface
of the FM layer, whereas the continuity conditions at
the NM|FM interface were satisfied automatically due to
the introduction of a unified ensemble of computational
cells covering the whole NM-FM bilayer. The maximal
displacements umax ∼ 0.0041 − 7.33 nm at the surface
of the NM layer were chosen to yield a realistic strain
amplitude εmax ≈ 10−3 in the acoustic pulse [19, 32].
Since galfenol films are successfully grown on GaAs sub-
strates [18], the NM layer was assumed to be made of
GaAs. Accordingly, we attributed the elastic stiffnesses
c11 = 1.1877×1012 dyne cm−2, c12 = 0.5372×1012 dyne
cm−2, c44 = 0.5944× 1012 dyne cm−2 and the mass den-
sity ρNM = 5.3169 g cm
−3 to the NM layer [33]. For
the FM layer, the following material parameters char-
acterizing Fe81Ga19 alloy were used in the simulations:
exchange stiffness Aex = 2.1× 10−6 erg cm−1 [34], cubic
anisotropy constant K1 = 2.65×105 erg cm−3 [34], mag-
netoelastic coefficients B1 = −0.9 × 108 erg cm−3 and
3B2 = −0.8×108 erg cm−3 [35], saturation magnetization
Ms = 1472 emu cm
−3 [34], Gilbert damping parameter
α = 0.017 [36], elastic moduli c11 = 1.62 × 1012 dyne
cm−2, c12 = 1.24 × 1012 dyne cm−2, c44 = 1.26 × 1012
dyne cm−2 and mass density ρF = 7.8 g cm−3 [37]. Ex-
ternal magnetic field Hz = 5 kOe was applied in the
perpendicular-to-plane direction to facilitate the excita-
tion of the magnetization precession by the longitudi-
nal strain εzz. An in-plane field Hy = 2 kOe was also
introduced to stabilize the single-domain state. In the
presence of such magnetic fields, the initial magnetiza-
tion direction has an elevation angle of ψ ≈ 14◦ in the
galfenol film with FBC, which is homogeneously magne-
tized initially (see Fig. 1). Under PBC, the equilibrium
magnetization M(z, t = 0) assumes a non-uniform distri-
bution across the film, which was determined by prelim-
inary runs.
The simulations confirmed that the aforementioned
displacements uz(z = 0, t) imparted to the GaAs surface
create strain pulses with the shapes depicted in Fig. 1.
After crossing the GaAs layer, the strain pulse penetrates
into the galfenol film (transmittance with respect to en-
ergy is about 97% due to similar acoustic impedances of
GaAs and FeGa), where it induces a non-uniform magne-
tization precession. The backaction of such precession on
strain state of the FM film manifests itself in the genera-
tion of weak transverse elastic waves, which involve shear
strains εxz and εyz not present in the injected acoustic
pulse. It should be noted that the 1-ns-long rectangular
pulse formed in the NM substrate actually transforms
into a much shorter strain pulse acting on the FM film.
Such transformation is caused by the reflection of the
pulse from the free boundary of the film, which occurs
with the phase shift of 180◦, and its consequent destruc-
tive interference with the incoming pulse. This yields a
rectangular pulse with the duration τF = 2dF/cL, where
cL =
√
c11/ρF is the velocity of the longitudinal elas-
tic waves in FM layer. Thus, any incoming rectangular
strain pulse longer than τF (3.5 ps in 8-nm-thick FeGa
film and 7 ps in 16-nm-thick one) will create a shorter
pulse with the duration τ = τF depending on the thick-
ness of the FM film. Remarkably, this feature renders
possible to generate picosecond rectangular strain pulses
with a modified spectrum in FM nanolayers even by long
electrical pulses applied to a piezoelectric transducer at-
tached to a NM substrate.
To characterize the magnetization precession in FeGa,
we determined the deviation ∆mz of the direction co-
sine mz from its equilibrium value and calculated the
average deviation 〈|∆mz|〉 in the film. Figure 2 shows
time dependences of 〈|∆mz|〉 in the 8-nm-thick Fe81Ga19
film subjected to bipolar and rectangular strain pulses
with different durations but the same magnitude εmax =
1.55 × 10−3. It can be seen that the precession ampli-
tude decreases with time due to considerable magnetic
damping inherent to the galfenol film. Depending on
the magnetic boundary conditions, pulse shape and du-
ration, magnetization precession lasts from ∼ 0.1 ns to
FIG. 2. Magnetization precession excited in the 8-nm-thick
Fe81Ga19 film by bipolar strain pulses having duration of 4 ps
(a) and 40 ps (b) and by 1-ns-long rectangular pulse (c). Pre-
sented graphs show time dependences of the absolute value
of the magnetization direction cosine |mz| averaged over the
film thickness dF. Green and blue curves correspond to free-
surface and pinning boundary conditions, respectively. The
maximal strain εmax in all pulses equals 1.55 × 10−3. Dy-
namical temporal evolutions of spatial profiles of longitudi-
nal strain εzz and direction cosines mi in 8-nm-thick film are
shown in multimedia views: https://doi.org
4∼ 1 ns, because those factors determine the exact spec-
tral composition of spin signal, which contains specific
magnon modes with different lifetimes. The inspection
of Fig. 2 demonstrates that the precession lifetime in-
creases markedly in the film with FBC. This feature is
due to the presence of spatially uniform mode of the mag-
netization precession (see below), which has lower fre-
quency and, therefore, decays slower than other modes.
Furthermore, the comparison of panels (a), (b), and (c)
in Fig. 2 reveals that longer strain pulses excite more
long-living precession in the film with FBC, which can
be explained by small amplitude of the uniform mode ex-
cited by the 4-ps-long pulse. The shape of the strain pulse
mostly affects the amplitude of the excited precession un-
der FBC. Namely, rectangular pulse of duration τ = 1 ns
excites magnetization precession with larger amplitude
than both considered bipolar pulses. It should be noted
that the precession amplitude is also sensitive to mag-
netic boundary conditions, generally being significantly
smaller under PBC due to the absence of the uniform
mode (compare blue and green curves in Fig. 2). In-
terestingly, ultrashort bipolar pulse with duration τ ≈ 4
ps initially creates magnetization precession of similar
magnitude under both boundary conditions. This situa-
tion, which is different from the one appearing under two
longer pulses, is due to the prevalence of a non-uniform
high-frequency mode in the magnon spectrum generated
by such an ultrashort pulse, which has a maximum of
excitation at a high frequency of about 0.5 THz (see Fig.
3 and Table I below).
Spatial distribution of the strain-induced magneti-
zation precession across the film thickness is strongly
inhomogeneous and can be treated as a superposition
of standing spin waves with different wavelengths. To
determine the frequency spectrum of magnetic excita-
tions, we calculated the Fourier transforms of the time
dependences ∆mz(t) registered in each computational
cell inside the galfenol film. By averaging the frequency-
dependent amplitudes A(ν, z) of such transforms over all
cells, we obtained the spectra 〈A〉(ν) for the Fe81Ga19
films of different thickness subjected to bipolar and rect-
angular strain pulses (see Fig. 3). It was found that such
spectra may contain up to seven (six) well-defined peaks
under FBC (PBC). To determine the origin of these
peaks, we employed the dispersion relation of exchange-
dominated spin waves with the wavevector k perpendic-
ular to the film plane [38]
ν(k) =
1
2pi
√
FθθFφφ/M2s + (Fθθ + Fφφ)Dk
2/Ms +D2k4,
(2)
where Fθθ and Fφφ are the second derivatives of the free
energy density F (M) with respect to the polar and az-
imuthal angles θ = 90◦ − ψ and φ defining the magneti-
zation direction in the film (see Fig. 1), D = 2γAex/Ms
is the spin wave stiffness constant, and γ is the elec-
tron’s gyromagnetic ratio. Using Eq. (2) with the in-
volved energy density F (M) calculated with the account
FIG. 3. Frequency spectra of standing spin waves excited
in Fe81Ga19 films by 4-ps-long bipolar strain pulse [(a), (b)]
and by 1-ns-long rectangular one (c). The spectra show the
thickness-averaged amplitudes 〈A〉(ν) of the Fourier trans-
forms of the time dependences ∆mz(t), which are normalized
by the height of the strongest peak revealed at the given pulse
duration, film thickness, and magnetic boundary conditions.
Green and blue curves correspond to FBC and PBC, respec-
tively. Vertical dashed lines indicate the frequencies νn(kn)
calculated with the aid of Eq. (2). Grey curve (solid) shows
the spectrum of the strain pulse. The film thickness equals
16 nm (a) and 8 nm [(b), (c)].
of contributions associated with the Zeeman energy, cu-
bic magnetocrystalline anisotropy, and demagnetization
field, we determined the frequencies νn of standing spin
waves with the wavenumbers kn = npi/dF (n = 0, 1, 2, ...)
depending on film thickness dF. The calculated frequen-
cies νn(kn) are shown by vertical dashed lines in Fig.
5dF τ BC
Mode number n, frequency in GHz, and relative amplitude
0 1 2 3 4 5 6
8 nm
4 ps
PBC - 157 (0.01417) 538 (0.00983) 1177 (0.00013)
FBC 19 (0.0043) 152 (0.03047) 522 (0.0117) 1136 (0.00373)
40 ps
PBC - 156 (0.00369)
FBC 19 (0.36851) 152 (0.01102)
1 ns
PBC - 157 (0.02979) 538 (0.00343) 1182 (0.00014)
FBC 19 (0.52766) 152 (0.06766) 522 (0.00415) 1137 (0.00340)
16 nm
4 ps
PBC - 58 (0.03187) 156 (0.00553) 314 (0.01) 533 (0.01932) 803 (0.00320) 1137 (0.00054)
FBC 19 (0.00528) 57 (0.03268) 152 (0.04383) 307 (0.05021) 522 (0.02047) 801 (0.01455) 1122 (0.00022)
40 ps
PBC - 58 (0.999) 155 (0.00147) 313 (0.00021) 530 (0.00015)
FBC 19 (0.68511) 57 (1.0) 152 (0.01545) 307 (0.00056)
1 ns
PBC - 58 (0.33064) 156 (0.01226) 314 (0.00587) 533 (0.00668) 803 (0.00124) 1141 (0.00048)
FBC 19 (0.90638) 57 (0.34340) 152 (0.10340) 307 (0.03277) 522 (0.00723) 802 (0.00536) 1132 (0.00019)
TABLE I. Characteristics of magnon modes excited in Fe81Ga19 films by short acoustic pulses. Amplitudes 〈A〉(νn) of all
modes are normalized by the maximum amplitude 〈A〉max revealed in our simulations, which corresponds to the magnon mode
with n = 1 excited by the 40-ps-long bipolar pulse in the 16-nm-thick film. Data in the cells is given in the format ”frequency
of the peak in GHz (relative amplitude)”.
3. It can be seen that the peaks of the average ampli-
tude 〈A〉(ν) are situated at frequencies agreeing well with
νn(kn). This result proves that such peaks are caused
by the excitation of magnon modes having the form of
standing spin waves. The frequencies and relative magni-
tudes 〈A〉(νn)/〈A〉max of the revealed magnons are sum-
marized in Table I, which demonstrates that even the
modes with n = 6 can be excited by acoustic pulses. The
fundamental mode with n = 0, which corresponds to the
coherent magnetization precession in the film (k0 = 0),
appears under FBC only, because PBC do not allow the
excitation of such precession. Therefore, the mode with
n = 1 has the lowest frequency in the magnon spectra
of ferromagnetic films with PBC. As might be expected,
the magnetic boundary conditions only weakly influence
the frequencies of magnon modes with n ≥ 1, which are
governed by the film thickness and the mode number n.
However, in general they strongly affect the amplitudes
of such modes due to different restrictions imposed on the
magnetization at the film surfaces (see Table I). Magnon
modes with the highest frequencies exceeding 1 THz were
revealed in the films subjected to the 4-ps-long bipolar
acoustic pulse and the 1-ns-long rectangular one (see Ta-
ble I). Bipolar strain pulse with duration τ ≈ 40 ps is
inefficient for the excitation of THz modes, because the
Fourier spectrum of such pulse does not contain signifi-
cant components at THz frequencies.
The inspection of Table I shows that, among the THz-
frequency magnon modes, the largest relative amplitude
〈A〉(νn)/〈A〉max ∼= 0.0037 has the mode with n = 3 ex-
cited by the 4-ps-long bipolar pulse in the 8-nm-thick
Fe81Ga19 film with FBC [Fig. 3(b)]. The second largest
amplitude 〈A〉(νn)/〈A〉max ∼= 0.0034 corresponds to the
same mode generated by the 1-ns-long rectangular pulse
in the same film with FBC. Under PBC, the amplitudes
of THz modes drop drastically in the 8-nm-thick film
and become similar to those excited in the 16-nm-thick
one. Thus, the generation efficiency of THz magnons
strongly depends on film thickness, magnetic boundary
conditions, and pulse duration [39].
In summary, we carried out the numerical modeling
of the magnetoelastic dynamics induced in FM films by
short strain pulses generated in the underlying NM sub-
strate with the aid of an optical or electrical stimulus.
Our rigorous treatment significantly improves the theo-
retical description of the magnetic dynamics induced by
acoustic pulses in comparison with the preceding approxi-
mate approaches [12, 23]. The simulations demonstrated
the excitation of inhomogeneous magnetization preces-
sion with the duration ranging from ∼ 0.1 ns to ∼ 1
ns in galfenol films. The Fourier analysis of the simula-
tion results revealed that such precession can be treated
as a superposition of magnon modes having the form of
standing spin waves. Similar modes are expected to form
in thin films of other ferromagnets exhibiting sufficiently
strong magnetoelastic coupling, such as nickel, CoFe al-
loys, and cobalt ferrite. Remarkably, even the modes
with frequencies over 1 THz can be efficiently excited in
thin galfenol films subjected to a magnetic field of only
a few kOe. This important result demonstrates that an
energy-efficient generator of THz spin waves, which is
highly desirable for the development of advanced com-
puting technologies in the field of magnon spintronics,
can employ short strain pulses created by optical or elec-
trical impulses.
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